Running title: Crystal Structure of LC3 and p62-peptide Summary Impairment of autophagic degradation of the ubiquitin-and LC3-binding protein 'p62' leads to the formation of cytoplasmic inclusion bodies. However, little is known about the sorting mechanism of p62 to autophagic degradation. Here, we identified a motif of murine p62 comprised of 11 amino acids (Ser-334-Ser-344) containing conserved acidic and hydrophobic residues across species, as an LC3 recognition sequence (LRS). The crystal structure of the LC3-LRS complex at 1.56 Å resolution revealed interaction of Trp-340 and Leu-343 of p62 with different hydrophobic pockets on the ubiquitin-fold of LC3. In vivo analyses demonstrated that p62 mutants lacking LC3-binding ability accumulated without entrapping into autophagosomes in the cytoplasm and subsequently formed ubiquitin-positive inclusion bodies as in autophagy-deficient cells. These results demonstrate that intracellular level of p62 is tightly regulated by autophagy through the direct interaction of LC3 with p62 and reveal that selective turnover of p62 via autophagy controls inclusion body formation.
Introduction
Macroautophagy (hereafter referred to as autophagy) is a major pathway for intracellular bulk degradation by the lysosome/vacuole, and its molecular machinery is highly conserved among eukaryotes. In the autophagic process, a small membrane sac (called isolation membrane) elongates to enwrap cytoplasmic materials including organelles, and subsequently the extended membrane closes to form a doublemembrane structure termed autophagosome. The autophagosome fuses with the lysosome/vacuole where the sequestered cytoplasmic contents within the autophagosome are degraded by hydrolases of the lysosome/vacuole (1, 2) . This system is required to execute turnover of cytosolic proteins and for removal of unwanted organelles (e.g., called as pexophagy, mitophagy, and reticulophagy).
Genetic and molecular studies in yeast, Saccharomyces cerevisiae have identified 18 ATG (autophagy-related genes) essential for autophagosome formation (1) . Among them, 8 ATG products comprise two ubiquitin-like conjugation systems essential for autophagy (3, 4) . Atg12 is a ubiquitin-like protein covalently linked to Atg5 by catalytic reactions of Atg7 (E1) and Atg10 (E2) (5) . Atg12-Atg5 interacts with Atg16, resulting in oligomerization of Atg12-Atg5·Atg16 (6) . Another ubiquitin-like protein, Atg8 conjugates to a phosphatidylethanolamine (PE). Atg8, synthesized as a precursor form with extra amino acid residues, is processed by Atg4 cysteine protease, which exposes a glycine residue at its C-terminus (7) . The processed Atg8 is conjugated to PE by Atg7 (E1) and Atg3 (E2) (8) . Furthermore, recent studies have revealed that Atg12-Atg5 conjugate functions as an E3-like enzyme for Atg8 lipidation reaction (9) . Finally, the C-terminal glycine of Atg8 covalently conjugates to an amino group of PE (8) . Atg8-PE mediates membrane tethering and hemifusion involving the formation of autophagosomal membrane, and its level correlates with autophagosome formation (10) . The mammalian Atg8 homologues, microtubule-associated protein 1 light chain 3 (LC3), GABA A receptor-associated protein (GABARAP), and Golgi-associated ATPase enhancer of 16 kDa (GATE-16) are also conjugated to PE via the same ubiquitin-like system to Atg8 lipidation (11) (12) (13) .
In recent years, it has become clear that autophagy plays an important role in a variety of physiological responses; starvation, development, differentiation, tumorigenesis, immunity, and neurodegeneration (1) . Autophagy, particularly that responsive to starvation, is generally considered a nonselective degradation (1) . This large-scale degradation enables cells to survive during starvation by recycling of the degradation products for sources of energy production and macromolecule synthesis. In addition to the starvation-induced adaptive autophagy, growing lines of evidence point to the importance of basal autophagy that operates constitutively at low rate even under nutrient-rich environment and plays a vital role in the maintenance of cellular homeostasis (14) (15) (16) (17) . Indeed, studies using mouse genetics have indicated that autophagy-deficient mice exhibit remarkable accumulation of ubiquitinated protein aggregates followed by hepatocytic and neuronal cell death irrespective of nutrient stresses (14, 15, 17) .
p62 is a scaffold protein involved in multiple signaling pathways, and is present in ubiquitin-related inclusions such as those seen in liver injury and various neurodegenerative diseases (e.g., alcoholic hepatitis, steatohepatitis, Huntington's disease, Parkinson's disease and amyotrophic lateral sclerosis) (18) (19) (20) . Importantly, we have found recently that p62 is a preferred target for autophagy, and intracellular levels of p62 are constantly controlled by constitutive autophagy (21, 22) . In addition, previous studies revealed that p62 directly interacts with LC3, an autophagosome marker protein (21, 23) . However, little is known molecularly about how p62 is sorted into autophagosomes. In addition to this issue, while we showed that homeostatic levels of p62 control ubiquitin-positive inclusion body formation at the cytoplasm in hepatocytes and neurons of autophagy-deficient mice (21) , it is still unclear whether inclusion formation is only due to deficiency in p62 turnover. In other words, the molecular relationship between autophagic removal of p62 and inclusion body formation remains to be uncovered.
The present study was designed to shed light on the aforementioned issues related to p62, LC3, autophagosome, inclusion formation and autophagy. We report the identification of LC3 recognition sequence (LRS) of p62, which comprises 11 amino acids (Ser-334-Ser-344), and the crystal structure of LC3-LRS complex, clarifying the interaction mode at the molecular level. Further biochemical and genetic analyses using autophagy-and/or p62-deficient mouse cells demonstrated that autophagic degradation of p62 absolutely depends on the interaction of LC3, and that the impairment of the physical interaction leads to the formation of cytosolic inclusion bodies. The results indicate that p62 is essential for inclusion body formation associated with impaired autophagy.
Experimental Procedures
Plasmid construction-Maltose binding protein (MBP) fused p62 (MBP-p62) and its deletion mutant (MBP-p62M7) expression plasmids have been described previously (21) . To construct p62M7 variants, a series of deletions of p62M7 were amplified by PCR using appropriate primers and cloned into the MBP fusion expression plasmid, pMALp2 (New England Biolabs). GST (glutathione S-transferase) fused LC3B expression plasmid has been described previously (13) . Point mutations were inserted by QuikChange site-directed mutagenesis kit (Stratagene) according to the protocol supplied by the manufacturer. All constructs were confirmed by DNA sequencing with BigDye terminator cycle sequencing ready reaction kit ver. 1.1 (Applied Biosystems).
Purification of recombinant proteins for pulldown experiments-MBP-tagged p62 and mutants were expressed in Escherichia coli strain BL21 Star (DE3) (Invitrogen) by induction of 0.05 mM isopropyl β-Dthiogalactopyranoside (IPTG) at 25˚C for 16 hours. The cells were lysed in Bacterial Protein Extraction Reagent (B-PER [Pierce]) at room temperature for 10 min. Insoluble proteins were removed by centrifugation at 15,000 rpm for 10 min. by microcentrifuge The cell extracts were diluted 1:5 into TBS (20 mM Tris-HCl, pH 7.5, and 150 mM NaCl) and incubated with amylose resin (New England Biolabs) at 4˚C for 2 hours. The MBP fusion protein-bound amylose resins were washed three times with TBS. The MBPp62 and mutants were eluted with TBS containing 10 mM maltose. The purity was confirmed on SDS-PAGE gel followed by Coomassie Brilliant Blue (CBB) staining (SimplyBlue SafeStain [Invitrogen] ). GSTtagged LC3, its mutants, GABARAP and GATE-16 were purified in a manner similar to that described above except for affinity purification using glutathione Sepharose 4B (Amersham Biosciences). For removal of the GST region, PreScission protease cleavage was performed (Amersham Biosciences). Protein concentrations were determined by BCA protein assay reagent (Pierce).
Pull-down assay-MBP-p62 and its mutants were expressed in E. coli BL21 Star (DE3), and the cell extracts were prepared by B-PER. The cell extracts were diluted 5-fold with TBS and incubated with amylose resin (New England Biolabs). The MBP-p62 and its mutants immobilized amylose resin were washed extensively with TBS. The resulting immobilized amylose resins containing about 5 µg MBP fusion proteins were incubated with 15 µg of LC3 family proteins (LC3, GABARAP or GATE-16) in 50 µl of TBS on ice for 1 hour, and then washed three times with 500 µl of TBS. Bound proteins with amylose resins were suspended into SDS-PAGE sample buffer and subjected to SDS-PAGE followed by CBB staining. GST pull-down was performed through the same procedures described above, except that GST-fusion was immobilized on glutathione Sepharose 4B (Amersham Biosciences), and MBP-p62M7 was introduced in this assay.
Protein expression and purification for crystal structure-GST-tagged LC3 was expressed from pGEX6P plasmid in BL21 (RIPL). The protein was purified using glutathione Sepharose 4B and cation exchange chromatography. The GST moiety was proteolytically removed by PreScission protease. The protein solution was concentrated to 18.6 mg/ml by ultrafiltration in 25 mM Tris-HCl (pH 7.5) and 1 mM dithiothreitol (DTT). The concentrated LC3 was mixed with LRS peptide representing residues 334-SGGDDDWTHLS-344 from p62 with equal molar ratio and incubated for 3 hours. Diffraction data sets for the LC3-p62 complex were collected at 100 K on beamline BL44XU (SPring-8, Japan). Data processing and reduction were carried out with the DENZO/SCALEPACK (36) . The crystal forms of LC3-p62 complex belong to the P2 1 space group and two molecules in the asymmetric unit. Data collection, phasing, and refinement statistics are summarized in Table 1 .
Crystallization and data collection-Crystals
Structure determination and refinement-The structure of the LC3-p62 complex was determined by molecular replacement using MOLREP (32) with LC3 (PDB ID code 1UGM) (29) as a search model. An initial model was constructed using ARP/wARP (37) . Manual building was then carried out using the program XtalView (38) and alternated with several cycles of refinement using the program REFMAC5 (39) . The final refined model consists of residues 2 to 122 and residues 1 to 122 of the molecules in the asymmetric unit. For the p62 peptide, the density allowed building 10 residues complexed to one molecule and 7 residues complexed to the second molecule. Phasing and refinement statistics are summarized in Table 1 . There were no residues in the disallowed regions of the Ramachandran plot. Structure figures were generated using CCP4MG (40) and PyMOL (41) .
Generation of Tet-ON cells-Immortalized p62-
and Atg7/p62-deficient mouse embryonic fibroblasts (MEFs) were established by infecting MEFs with a recombinant retrovirus carrying a temperature-sensitive simian virus 40 large T antigen (42) . Tetracycline-mediated p62-expressing cell lines were generated using the reverse tet-regulated retroviral vector (43). A cassette consisting of the gene encoding packaging signal (ψ), the reverse tetracycline controlled transactivator (rtTA), the internal ribosome entry site from the encephalomyocarditis virus (IRES), the blasticidin S deaminase (BSD), a heptamerized tet operator sequence (tetO), the minimal human cytomegalovirus immediate early promoter designated P hcmv*-1 (CMV), and green fluorescent protein (GFP)-fused mouse p62 cDNA or various p62 mutants (p62W340A, p62L343A, p62D338A/D339A and p62D337A/D338A/D339A) were cloned into a Moloney murine leukemia virus (M-MuLV) retroviral vector pLXSN back bone (43). Retrovirus packaging cells, PLAT-E (44), transfected with the vectors were cultured at 37°C for 24 hours. After changing the medium, the virus producing PLAT-E was further incubated at 37°C for 24 hours. The viral supernatant was collected and used immediately for infection. The immortalized p62-and Atg7/p62-deficient MEFs were plated on 35 mm dishes in 3 mL growth medium at 24 hours before infection. Just before infection, the medium was replaced with undiluted viral supernatant with 8 µg/ml polybrene (Sigma). Twenty-four hours later, the cells were introduced into the selection medium containing 5 µg/ml of blasticidin S (Invitrogen). The cells remaining after 5 days were used in the experiments. To induce the expression of p62, the cells were treated with 250 µg/mL of doxycycline (Dox, Sigma) for 24 hours.
Immunological analysis-MEFs were lysed with lysis buffer (10 mM Tris-Cl, pH 7.4, 150 mM NaCl, Complete Protease Inhibitor Cocktail [Roche Diagnostics], and 2% TX-100). The lysates were centrifuged at 15,000 rpm for 5 min at 4°C, and the resultant supernatant was analyzed by immunoblotting. The antibodies for p62, Atg7 and LC3 were described previously (21) . The antibody for actin (MAB1501R) was purchased from Chemicon International. For immunofluorescence microscopy, MEFs grown on glass coverslips were immunostained with anti-LC3 (21) and anti-ubiquitin (FK2: MBL) antibodies as described previously (21) .
Accession codes-Protein Data Bank: The coordinates and structure factors for LC3-LRS complex have been deposited under accession code 2ZJD.
Results

LC3-interacting region of p62-p62 is
comprised of three domains; N-terminal Phox and Bem1 (PB1) domain, Zinc finger domain (Zinc), and C-terminal ubiquitin associated (UBA) domain (19, 20) . Several reports have suggested that p62 can directly interact with LC3, thereby possibly sequestering p62 into the autophagosome (21, 23) . We have shown previously that LC3 interacts with a linker region (named M7 domain) between the Zinc finger and UBA domain in mouse p62 (21) . To determine the minimal region of p62M7 (168-391) required for the interaction with LC3, we performed pull-down assay experiments using a series of deletion mutants of p62M7. Initially, we examined six mutants of truncated p62M7 (M71-M76) (Fig. 1A) . Each MBP-fused p62M7 mutant (M71-M76), which was immobilized on amylose resins, was incubated with recombinant LC3B (hereafter referred to as LC3), washed extensively, and subjected to SDS-PAGE followed by CBB staining. LC3 was clearly detected in pull-down products with p62 mutants harboring the M76 region (334-391), but not the M72 region (168-333), suggesting that p62M76 (334-391) is sufficient for the interaction with LC3 (Fig. 1B) . To shorten the interaction domain, we subsequently prepared a deletion series of p62M76 (M77-M82) for MBP pull-down assay. These pull-down assays revealed that p62M82, which comprises 11 amino acids (334-344), is essential and sufficient for LC3 interaction (Fig.  1B) . p62M82, which we named LRS (LC3 recognition sequence), contains two conserved motifs across species; acidic cluster (337-339) DDD/DEE and hydrophobic residues (340 and 343) WXXL/WXXV involved in protein-protein interaction ( Fig. 1C and see also Fig. 2 ). Overall structure of the LC3-LRS complexBased on the above results, we determined the structure of LC3-LRS complex by X-ray crystallography. The complex consists of a fulllength LC3 (1-125) bound to the LRS of p62 (334-344). The crystal structure of LC3-LRS complex was determined by molecular replacement using C-terminal truncated LC3-I (1-120, PDB ID code 1UGM) and refined to 1.56 Å resolution ( Fig. 2A ). The final model consists of residues 2 to 122 and residues 1 to 122 of the two molecules in the asymmetric unit (molecules A and B), respectively. The structure of LRS-bound LC3, which consists of a five stranded β-sheets and five α-helices, is essentially identical to the previously reported structures of peptide-free LC3-I; these structures have an average 1.15 Å root mean square (rms) deviation for the Ca positions, though several differences are evident. The LRS binds to one side of the LC3 surface opposite to the Cterminal region. Of the 11 residues in the LRS crystals, only 10 and 7 residues segments (molecule A: 335-344, molecule B: 338-344) are ordered in the structure. The LC3 surface has a narrow channel and the LRS binds within the LC3 groove in an extended conformation (Fig. 2B) . The LRS binding surface consists of three α-helices (α1, α2 and α3) and two β-strands (β1 and β2). A total of 601 Å 2 of accessible surface area is buried at the interface between the LC3 and LRS. The most striking feature of the interactions is that the indole ring of Trp-340 is inserted into a site surrounded by a conserved group of hydrophilic and hydrophobic residues, Asp-19, Ile-23, Pro-32, Lys-51, Leu-53 and Phe-108 ( Fig. 2B-D) . The second major interaction is between Leu-343 of LRS and the β1, β2 and α3 of LC3. Leu-343 makes van der Waals contacts with Ile-35, Phe-52, Val-54, Leu-63 and Ile-66 and the aliphatic portion of the Arg-70 (Fig. 2B-D) . The third interaction site is between the N-terminal portion of LRS and the basic cluster (Arg-10, Arg-11 and Lys-49) on the surface of LC3. A group of charged and hydrophilic residues are present in the contact area for both interacting partners that could potentially form a series of salt bridges and hydrogen bonds between the two molecules. These hydrophilic contacts include Asp-337 and Asp-338 from LRS and Arg-10 and Arg-11 of LC3. In addition, the peptide is coordinated by several hydrogen bonds involving Asp-337, Thr-341, Leu-343 and Ser-344 of LRS and Lys-51, Leu-53 and Arg-69 of LC3.
To confirm the interacting structure of LC3-LRS, point mutation was inserted into the indicated amino acids of LRS in p62M7 by replacement with alanine (Fig. 2E) . MBP pulldown assay showed that the formation of the LC3-p62M7 complex was significantly reduced in W340A and L343A mutants (Fig. 2E) . Likewise, the interaction with LC3 was almost abolished in D337A/D338A, D338A/D339A and D337A/D338A/D339A mutants (Fig. 2E) . These results indicate that hydrophobic (Trp-340 and Leu-343) and acidic cluster (Asp-337-Asp-339) of p62 are important for LC3 binding. The structure of LC3-LRS suggests that the LRS associates with many amino acids of LC3. In the next step, we introduced mutation in a number of these amino acids of LC3 critically involved in the interaction with LRS; R10A, R11A, K51A, F52A, L53A, I66A, R70A and Nterminal helix deletion (Δα1 or Δα1-α2), followed by GST pull-down assay (Fig. 2F) . As predicted from the crystal structure of the complex, the series of GST-LC3 mutants tested were significantly compromised in their ability to pull down MBP-p62M7 (Fig. 2F) . These results are in agreement with the above results of crystal structure analysis. Predicted structures of Atg8 homolog-LRS complex-The sequence homology between LC3 and other Atg8 homologues suggests that LRS may also bind to other Atg8 homologues (Fig.  3A) . To elucidate the binding mode between LRS peptide and Atg8 homologues, the complex models of GABARAP-LRS and GATE-16-LRS were created from the rat GABARAP (24) and bovine GATE-16 (25) structures, respectively, by using the MOE program (ver. 2005.06; Chemical Computing Group, Montreal, Canada) ( Fig. 3C and D) . In these models, although GABARAP and GATE-16 form the major interaction sites of Trp-340 and Leu-343, the basic surface on α1 helix of LC3 interacting with acidic cluster of Asp-337-Asp-339 are different from those of the corresponding GABARAP and GATE-16 region (Fig. 2B, Fig.  3C and D) . However, MBP pull-down assay showed the equivalent interactions of p62M7 with LC3, GABARAP and GATE-16 ( Fig. 3B) suggesting that Atg8 homologues have a similar affinity for p62 in the in vitro condition. Interaction between LC3 and p62 is indispensable for in vivo autophagic degradation of p62-To investigate the degradation mode of p62 by autophagy (i.e., via interaction with LC3) in vivo, we took advantage of the Tet-ON system (Fig. 4A) . The Tet-ON/Tet-Off system allows regulation of reversible and quantitative gene expression in cells. The Tet-ON system is widely used to induce gene expression by treatment of cells with tetracycline or its analogue doxycycline (Dox) (26) . We prepared a regulator gene cassette, CAG-rtTA and TRE-GFP-fused wild type and a series of p62 mutants (W340A, L343A, D338A/D339A, and D337A/D338A/D339A), and then introduced them into immortalized p62-knockout and Atg7/p62-double knockout mouse embryonic fibroblasts (MEFs) to abolish the effect of endogenous wild-type p62. The presence of Dox in the culture medium should induce the expression of GFP-p62 and the mutants, while Dox removal should allow suppression of the expression (Fig. 4A) . To examine the degradation of p62, the cells were cultured in media containing Dox for 24 h, and then the level of GFP-p62 was chased for 36 h by culturing Dox-free media. Both wild-type and mutant GFP-p62 were efficiently expressed in each cells (Fig. 4B and C) . Removal of Dox markedly decreased the expression of wild-type GFP-p62 in p62 -/-MEFs by 12 h, and this fall was time-dependent, and only small amounts of GFP-p62 (9.76%) remained at 36 h after removal of Dox. In contrast, such downregulation was trivial and insignificant in Atg7/p62-double knockout MEFs (Fig. 4B and  C) ; 75.9% of GFP-p62 remained even at 36 h after removal of Dox in double-knockout MEFs. These results indicate that the degradation of GFP-p62 is mainly dependent on the autophagy pathway. When the mutant forms of GFP-p62, which has a slight binding capacity to LC3 (Fig.  2E) , were expressed into p62 -/-MEFs, the rates of the degradation were much slower compared with that of wild-type p62 (Fig. 4B and C) . The percentages of p62W340A, p62L343A, p62D338A/D339A, and p62D337A/D338A/D339A remaining at 36 h after removal of Dox were 44.6, 48.1, 49.0 and 49.6%, respectively. However, these remaining levels were still lower than that of GFP-p62 in Atg7/p62-double knockout MEFs, implying partial defect in degradation of these mutants. Interestingly, an in vitro binding assay revealed no significant difference in the LC3-binding ability among p62 mutants except for the triple D337A-D339A mutant accompanied with severely reduced LC3-interaction (Fig. 2E) . However, these degradation rates in vivo were almost similar, suggesting equal contribution among hydrophobic (Trp-340 and Leu-343) and acidic (Asp-337-Asp-339) clusters of p62 on LC3-interaction in vivo. Taken together, these in vivo results strongly suggest that loss of interaction between LC3 and p62 is sufficient to impair the degradation of p62. PB1 domain of p62 is important for efficient degradation of p62 via autophagy-The PB1 domains are scaffold modules that adopt the topology of ubiquitin-like β-grasp folds with the interaction of each other in a front-to-back mode to arrange heterodimers or homo-oligomers (27) . Actually, p62 can polymerize via the PB1 domain (28) . To examine the roles of the PB1 domain in autophagic degradation of p62, we expressed a K7A/D69A mutant of p62, which compromises the interaction surface of the PB1 domain, accompanied with loss of selfoligomerization activity (28) , in p62 -/-MEFs using Tet-ON system, and then compared the degradation rate of the mutant with that of wildtype p62. Surprisingly, this mutation was accompanied by significantly degradative delay, compared with wild-type p62 (Fig. 4D and E) . The percentages of wild-type and p62K7A/D69A remaining at 36 h after removal of Dox was 7.80 and 36.9%, respectively. However, the degradation rate of p62K7A/D69A in p62 -/-MEFs was still higher than that in Atg7/p62-double knockout MEFs, indicating that the defective oligomerization form of p62 is still degraded, at least in part, by the autophagy pathway ( Fig. 4D and E) . Actually, additional mutation of p62 lacking LC3-interaction accelerated the delay of degradation ( Fig. 4D and E) . These results suggest that in addition to LC3-interaction, selfoligomerization of p62 is required for effective degradation of p62 via autophagy.
Impairment of LC3-p62 interaction causes ubiquitin-and p62-positive inclusion formation-
Finally, we investigated the cellular localization of wild-type p62 and the mutants. Consistent with previous studies (21, 22) , immunofluorescent analysis with anti-LC3 antibody showed localization of GFP-p62 in cup-shaped and dot structures in GFP-p62-expressing p62-knockout MEFs. These structures were always positive for LC3 (Fig.  5A) . Impairment of p62 turnover by autophagydeficiency causes accumulation of p62-positive inclusion (21) . Indeed, 20-30% of Atg7/p62-double knockout GFP-p62-expressing MEFs contained GFP-p62-positive inclusions characterized by their large sizes and positive staining for anti-ubiquitin (Fig. 5B) . Similarly, expression of GFP-p62 mutants, which have lower ability to associate with LC3 (Fig. 2E) , was associated with the formation of p62-positive inclusions, though these inclusions were almost negative for LC3 (Fig. 5A) . Moreover, ubiquitinated proteins were also present in the structures (Fig. 5B) . In p62 knockout MEFs expressing GFP-p62, only a few ubiquitinpositive dots were detected in autophagosomes positive for GFP-p62, suggesting that the ubiquitin-positive aggregates in MEFs might be trapped into autophagosomes before they become large aggregates/inclusions. Both autophagosome formation and degradation of long-lived proteins in p62 knockout cells are apparently comparable with those in wild-type cells (21) . These results therefore indicate that impairment of p62-LC3 interaction alone is sufficient for the formation of ubiquitin-and p62-positive inclusions; i. e., loss of the interaction triggers inclusion body formation.
Based on the possible oligomerization in PB1 domain and the ubiquitin-binding ability in the UBA domain of p62, it is postulated that PB1 plays an important role in inclusion formation, including polyubiquitinated proteins. Indeed, when GFP-p62K7AD69A lacking selfoligomerization activity was expressed into Atg7/p62-double knockout MEFs, inclusion formation observed in those expressing wildtype p62 was completely suppressed (Fig. 5C) , strongly suggesting the essential role of the PB1 domain in inclusion formation (for the details, see Discussion).
Discussion
We have reported recently that intracellular level of p62 is controlled by constitutive autophagic degradation, and impairment of such process causes significant accumulation of inclusion bodies containing p62 and ubiquitinated proteins (21) . Furthermore, we and Pankiv et al. found that p62 interacts directly with LC3, an autophagosome marker protein (21, 23) . These reports imply that p62 could be targeted to the autophagosome through interaction with LC3 for degradation of itself together with ubiquitinated proteins. However, information on the sorting mechanism(s) for p62 is not available at present.
We originally identified the LC3 recognition sequence (LRS) consisting of 11 amino acids in p62. The short peptide of p62, LRS, allowed us to determine the crystal structure of LC3-LRS complex. The tertiary structure of LC3-LRS revealed that both acidic cluster (DDD/DEE) and hydrophobic motif (WXXL/WXXV) in LRS are highly conserved among species, and involved in the interaction with LC3. Recently, Pankiv et al. (23) reported the LC3 interacting region (LIR) consisting of 22 amino acids (Arg-321-Ser-342) in human p62. In comparison, the LRS (Ser-334-Ser-344) in murine p62 described in the present study is shorter than the LIR, but corresponds exactly to the C-terminal region of LIR (23) . In addition, their mapping of the sites involved in LC3 interaction is also essentially similar to our results except the importance of Leu-343 residue found in our study (23) .
The structure of LC3 comprises a Cterminal ubiquitin fold and N-terminal two α-helices (29) . In the present study, we identified a new functional molecular surface comprised of N-terminal basic residues and two hydrophobic pockets at the ubiquitin domain of LC3 as p62-interacting regions. The two distinct hydrophobic pockets were present close to each other on the surface of the ubiquitin fold and just localized at the interface of the complex. Previous mutational analyses of Atg8 identified the critical residues involved in autophagosomal membrane formation (10, 30) . Intriguingly, Lys-48-Leu50 of Atg8, essential for autophagosome formation after PE conjugation reaction, correspond to Lys-51-Leu-53 existing in the two hydrophobic pockets of LC3 (10, 30) . Similarly, the N-terminal two α-helices of LC3, corresponding to the region involved in tethering and hemifusion function of Atg8, are also required for p62 interaction (10). These results suggest that both autophagosome formation and p62 recognition utilize a common hydrophobic patch on the LC3 surface.
The structure of GABARAP has been shown in two conformations; one is the Nterminal α-helix connected to the ubiquitin domain (closed), and the other is the N-terminal α-helix projected away from ubiquitin domain (open) (31) . Furthermore, we have proposed that PE conjugation induces conformation change in the N-terminal α-helices of Atg8, and the open form is active conformation for hemifusion (10) . These findings suggest that the region of the Nterminal α-helices of Atg8 is flexible. Because the structure of LC3-LRS complex exists in a form in which basic residues of the N-terminal of LC3 bind to the acidic cluster of LRS, the LC3 N-terminal α-helices might be stabilized as closed (or inactive) form. Conceivably, the two distinct conformations with the N-terminal of LC3 may be related to the underlying molecular functions such as membrane expansion and/or sorting receptor in autophagy.
Structure comparison of LRS bound LC3 homologues has shown high similarity and LRS structurally aligned on the two hydrophobic pockets on their ubiquitin fold surface (24, 25, 29) . Interestingly, the basic amino acids in the N-terminal helices of LC3 are not found in those of other Atg8 homologues, suggesting that LC3 might have a higher affinity for p62 than other homologues. However, we have not detected any differences among LC3 homologues in the in vitro pull-down experiments, implying the similar affinity of LC3 homologues for p62. Although GABARAP and GATE-16 share common biochemical characteristics with LC3 and localize to autophagosomes (3, 12) , their behaviors responding to nutrient conditions differ among Atg8 homologues (17) . Further analysis is required to unravel the structural relationship of interaction between Atg8 homologues and p62.
We have shown that autophagydeficiency leads to marked accumulation of p62-and ubiquitin-positive inclusion, and p62 is indispensable for such inclusion formation (21) . Importantly, p62 is a major component of ubiquitin-containing inclusions known as the 'hepatocytic Mallory body' found in alcoholic hepatitis and steatohepatitis (32) . Similar structures have been identified also as proteinaceous aggregates in the remnant neurons in various neurodegenerative disorders such as Parkinson's disease and amyotrophic lateral sclerosis (33, 34) . In such diseases, it is plausible that the reduced autophagic activity is associated with the formation of inclusion bodies. This possibility is also supported by the results of a recent study using CHMP2B mutants (35) . However, it remains unclear whether only impairment of p62 turnover through autophagy is responsible for the formation of inclusion bodies. Our analyses using the Tet-ON system clearly showed delayed degradation of p62 mutants lacking LC3 interaction when they were expressed in p62-knockout MEFs, resulting in the formation of inclusions containing ubiquitinated proteins. It is noteworthy that autophagosome formation and degradation of long-lived proteins in p62 knockout cells are comparable with those in wild-type cells (21) . Therefore, it seems that only impairment of p62-LC3 interaction is responsible for ubiquitin-and p62-positive inclusion formation.
How is p62 involved in the formation of ubiquitin-positive inclusion? Currently, it is known that the UBA domain of p62 interacts with ubiquitinated proteins (19, 20, 23) . However, ubiquitin-tagged proteins are not aggregation-prone themselves. Therefore, it is plausible that excess accumulation of p62 interacting with ubiquitinated protein might predispose to form inclusions via the PB1 domain, which retains the ability of selfoligomerization. Indeed, p62 having PB1 mutation (K7A/D69A), which is defective in self-oligomerization, did not form inclusions in Atg7-knockout cells, and then the ubiquitinated proteins remained dispersed, indicating that oligomerization of p62 through the PB1 domain is critical for ubiquitin-positive inclusion in autophagy-deficient cells.
Therefore, it is clear that under physiological conditions, ubiquitinated proteins initially interact with p62 via the UBA domain, and are subsequently selectively entrapped into the autophagosomes through LRS-LC3 interaction for their degradation (see the schematic illustration in Fig. 6, top panel) . On the other hand, impaired autophagy under certain pathological conditions leads to the accumulation of p62-ubiquitinated protein complexes followed by oligomerization via the PB1 domain, ultimately leading to the formation of inclusion body that presumably contributes to the segregation of harmful and/or unnecessary proteins within the cell (Fig. 6, bottom panel) . This scenario is in agreement with the previous observations that almost all inclusions in autophagy-deficient cells were positive for both p62 and ubiquitin (21) , and reduction of p62 protein level increased cell death when a harmful mutant of huntingtin was overexpressed (22) . Taken together, our results indicate that p62 directly binds to LC3, and is targeted to constitutive and selective autophagy to maintain intracellular homeostatic level of p62. (A) Diagrams of deletion-mutation constructs of p62 used for the pull-down assay. The maltose binding protein (MBP) tagged mouse p62(Wt) and its deletion mutants p62M7 have been described previously (21) . Deletions of M7 (M71-M82) were generated by PCR amplifications and fused to the C-terminal of MBP. Phox and Bem1p (PB1), Zinc-finger (Zinc), and ubiquitin-associated (UBA) domains are represented. LRS; LC3 recognition sequence means LC3 binding region (334-344) in p62. (B) MBP pull-down assay. MBPp62M7 deletion mutants conjugated with amylose resins were incubated with purified recombinant LC3. The pulled-down complex with MBP-p62M7 mutants was subjected to SDS-PAGE, and visualized by CBB staining. (C) LC3 recognition sequence (LRS) alignment of p62 homologues in various species. Asterisks: LC3-interacting residues, black and gray boxes: identical amino acid residues with complete and partial conservation, respectively. (yellow) is shown within the groove of LC3 molecular surface (partially transparent gray). (E) Pull-down assay with p62M7 mutants. MBP-p62M7 mutants immobilized amylose resin and purified LC3 were incubated and the pulled-down products were subjected to SDS-PAGE followed by CBB staining. (F) Pull-down assay with LC3 mutants. GST-LC3 mutants immobilized glutathione Sepharose 4B and purified p62M7 were incubated and then the pulled-down products were subjected to SDS-PAGE followed by CBB staining. 6. Schematic model for selective autophagy mediated by p62. p62 was dissected into three domains in the context of the present study; i.e., N-terminal PB1 for self-oligomerization, LRS for LC3 interaction, and C-terminal UBA for ubiquitin binding domains. Ubiquitinated proteins initially interact with the UBA domain, and are selectively entrapped into autophagosomes through interaction between LRS and LC3 for their degradation under normal conditions. Because PB1 mutant (K7A/D69A) lacking self-oligomerization ability was associated with decreased degradation of itself, oligomerization of p62 might be needed for effective turnover of p62. On the other hand, impaired turnover of p62 (e.g., genetic loss of autophagy or mutation of LRS in p62 in our hand), causes accumulation of p62 associated with ubiquitinated proteins, resulting in high cytoplasmic levels of p62, which presumably promote self-oligomerization of p62 via the PB1 domain. Subsequently, those oligomer complexes segregate and form inclusion bodies in the cytoplasm to reduce the cytotoxic effects of soluble and/or oligomerized proteins. Note that the LRS mutant of p62 lacking LC3-binding ability induces significant inclusion body formation, analogous to that in autophagy-deficient cells. Accordingly, the interaction between LC3 and p62 is a key event in selective autophagy that contributes to the aggressive removal of unfavourable ubiquitinated proteins in cells. Ichimura et al. 
